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Introduction
Therapeutic hypothermia (TH) is the standard of care for neonates with hypoxic-ischemic encephalopathy (HIE), with the presumption that hypothermia reduces metabolic demand and affords neuroprotection in the face of brain injury [1] [2] [3] . Seizures in the setting of neonatal HIE exacerbate the underlying HI-induced damage and TH reduces the total duration of seizures in neonates with HIE [4] . Electroencephalography is the primary tool for assessing the occurrence and duration of neonatal seizures, with the electroencephalography background being the best predictor of neonatal seizure occurrence [5] .
Electroencephalogram (EEG) monitoring protocols differ among institutions for neonates with HIE who undergo TH, regarding the type of EEG, i.e., conventional versus amplitude-integrated EEG (aEEG) versus continuous video-EEG (cEEG). Conventional EEG, using the international 10-20 system of electrode placement, is considered the gold standard for detecting electroclinical or electrographic seizures, but the short duration (usually about 1 h) of routine EEG may miss clinical or electrographic seizures. Although aEEG is straightforward to apply, can be monitored by neonatologists or nurses, and can be used for multiple days, it has several limitations including low sensitivity and specificity for seizure detection and a limited ability to detect focal, low-amplitude, or short-duration seizures [6, 7] . In addition, aEEG interpretation varies according to the level of expertise of the bedside observer [8] . The American Clinical Neurophysiology Society (ACNS) guideline recommends that continuous EEG (cEEG) monitoring combined with synchronized video (cEEG) be used for high-risk patients, including those with HIE, to screen for seizure activity [9] . As a result, many institutions now utilize cEEG rather than aEEG as the standard of care in neonates at a high risk for seizures who are admitted to a neonatal intensive care unit (NICU).
There are no evidenced-based guidelines for initiating or switching antiseizure drugs (ASDs) for HI-related seizures [10, 11] . In 1 large study involving 31 children's hospitals in the USA, 62% of infants were treated initially with a single nonbenzodiazepine ASD and 16% were treated with ≥ 2 nonbenzodiazepine ASDs (an interhospital range of 48-76 and 6-35%, respectively) [12] . About 50% of neonatal seizures fail to respond to an initial ASD and 30% are refractory to the 1st-and 2nd-chosen agents [13] . The type of EEG monitoring protocol influences the clinical decision to initiate, adjust, discontinue, or switch ASDs [14] .
Previous studies have assessed the impact of different types of EEG monitoring on clinical care measures such as the number of ASDs used in the management of neonatal seizures [15] [16] [17] . Ours is the first study to address this outcome solely in neonates with HI-related seizures that were all treated with TH. The aim of this study was to determine whether there was a difference in the number of ASDs used to manage HI-related seizures among neonates undergoing TH as a function of different EEG monitoring protocols as these evolved over the years [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . During that time interval, 3 different EEG monitoring techniques were utilized in the NICU at Johns Hopkins Hospital (JHH) while the TH protocol remained constant. We found that, with the continuous forms of EEG monitoring (aEEG or cEEG), fewer ASDs were prescribed than with a single brief conventional EEG, thus supporting the ACNS recommendation [9] .
Methods
The goal of this study was to determine if there was any change in the prescribing practice of ASDs over time as a function of EEG type. This is a retrospective cohort study of all neonates admitted to the JHH NICU with HIE from 2007 to 2015 who were treated with TH. The study was approved by the Institutional Research Board at the JHH.
In the period 2007-2015, 162 newborns underwent TH and were divided into 3 categories according to their birth date. During those years, 3 different EEG monitoring protocols were used in the JHH NICU. During Period 1, from January 2007 to April 2009, infants ( n = 30) underwent a single, brief conventional fullmontage EEG (for approx. 1 h) performed at the request of the neonatology team at a variable time point during the TH treatment. Neither form of continuous EEG, aEEG or cEEG, was used and not all TH-treated infants received a conventional EEG. During Period 2, from May 2009 to December 2013, infants ( n = 104) received a single, brief conventional EEG (for <1 h) during the first 24 h of TH; infants then received aEEG for the remainder of TH treatment and the rewarming period, followed by another single, brief conventional EEG within 24 h after the termination of TH. Period 2 coincided with the development of a Neuroscience Intensive Care Nursery (NICN) program at the JHH with protocolized guidelines for the use of TH including pediatric neurology consultation, neuroimaging (brain MRI scan), and the use of aEEG on each infant. During Period 3, from January 2014 to December 2015, cEEG replaced aEEG and was begun as soon as possible after infants ( n = 28) were admitted to the NICU; it was continued throughout the 72 h of TH plus for an additional 12 h after the termination of TH (i.e., during and after rewarming).
The number of ASDs prescribed was analyzed as 2 binomial variables. The first outcome variable was the number of neonates who received at least 1 ASD compared with those who did not receive any ASD. The second outcome variable was the number of neonates who received ≥ 2 ASDs compared with those who received 1 or no ASD.
The medical records of patients were reviewed systematically. Data collected included demographics such as gestational age, gender, birth weight, and race. Other data collected were: a history of fetal distress or asphyxia, umbilical cord pH, Apgar scores at 1, 5, 10, and 20 min, mode of delivery, umbilical cord or placental complications, time point and duration of passive and active cooling, the presence of any abnormalities on brief conventional EEG, aEEG, or cEEG, the date and results of brain MRI scans, the type and number of ASDs, the duration of NICU admission and whether the patient was discharged from the NICU on an ASD.
Data were analyzed using STATA statistical software v14.0 (STATA Inc., TX, USA). The χ 2 test was used to compare 2 × 2 categorical variables and the Fisher exact test was used to compare categorical variables if any value was <5. Analysis of variance (ANOVA) was used to compare the parametric mean values and the Kruskal-Wallis test to compare the nonparametric measures for the 3 time periods. Multivariable log binomial regression was used to estimate the risk ratio of selected outcomes. Crude and adjusted models were tested. The crude model was used to estimate the risk ratio without adjusting for any potential confounders. In the adjusted model, the initial EEG and MRI results were considered as potential confounders in estimating the risk ratio of selected outcomes. p < 0.05 was considered statistically significant.
Results
There were no significant differences in the demographics or most baseline characteristics of the neonates across the 3 groups ( Table 1 ), except that the length of stay in the NICU was significantly longer for patients in Period 2 than in Periods 1 and 3 ( p = 0.03 and p = 0.009, respectively). The number of neonates treated for suspected seizures and those with electrographically confirmed seizures is given in Table 2 . With a single, brief conventional EEG, electrographic seizures were confirmed in 10% of neonates treated for suspected seizures (Period 1). In Period 2, we performed 2 brief conventional EEGs, at the onset of TH and after TH; 9.8% of the neonates treated for suspected seizures had electrographically proven seizures on the first EEG and 17.6% had them on the second EEG. In Period 3 (cEEG), 30% of the neonates with suspected seizures had electrographically confirmed seizures.
Data related to the association of different EEG monitoring protocols on the number of ASDs prescribed are presented in Table 3 . The number of neonates who received only 1 ASD (in all of our cases, phenobarbital) was significantly higher in Period 1 than in Periods 2 and 3 Fig. 1 ). There was no significant difference between Periods 2 and 3 in terms of the number of infants who were prescribed 1 ( p = 0.29) or ≥ 2 ASDs ( p = 0.68). There was no significant difference across the 3 periods in the number of neonates who received ≥ 2 ASDs, or who were discharged or transferred from the NICU still on an ASD ( Table 3 ) . The crude and adjusted risk ratios for receiving at least 1 ASD in Periods 2 and 3 compared with Period 1 are presented in Table 4 . In the crude model (without adjusting for any potential confounders), the risk ratio of receiving at least 1 ASD was 26% less in Period 2 than in Period 1 (95% CI 0.01-47%, p = 0.06, not quite significant). The risk ratio of receiving at least 1 ASD was significantly (46%) less in Period 3 than in Period 1 (95% CI 6-69%, p = 0.03). After adjusting for initial EEG and MRI results (adjusted model), the number of neonates who received at least 1 ASD had a significantly lower risk ratio when comparing Period 2 with Period 1 (38% lower; 95% CI 9-58%, p = 0.02) and Period 3 with Period 1 (67% lower; 95% CI 23-86%, p = 0.01). There were no significant differences when comparing Periods 2 and 3 in either model.
The crude and adjusted risk ratios of receiving ≥ 2 ASDs in Periods 2 and 3 compared with Period 1 are pre- sented in Table 5 . In both the crude and adjusted models, there was no significant difference in risk ratios for receiving ≥ 2 ASDs across the 3 time periods. A sensitivity analysis was performed to examine any change in the estimated risk ratio for both outcomes after adjusting for potential confounders. Using the crude model, the estimated risk ratio was not significantly different after adjusting for the following potential confounders: gender, gestational age, birth weight, length of NICU stay, cord pH, APGAR score at 10 min, the presence of nonreactive fetal heart rate, meconium-stained amniotic fluid, or preeclampsia/eclampsia, maternal vascular clotting, cord or placental complications, emergent cesarean section, chorioamnionitis, or edema on the initial head ultrasound.
Discussion
This is one of the first studies to examine the clinical association between the number of ASDs prescribed and the use of different EEG monitoring protocols in neonates undergoing TH, and the first in which the entire study population underwent TH. We demonstrate that the advent of the continuous forms of EEG monitoring (aEEG and cEEG) has resulted in significantly fewer ASDs being prescribed when compared to brief conventional EEG.
We found a statistically significant reduction of 46% in the risk ratio comparing neonates who received at least 1 ASD in Period 3 (cEEG) compared with Period 1 (brief conventional EEG), without adjusting for other confounders. This finding could be explained by the better sensitivity and specificity of cEEG for detecting epileptiform discharges and seizures than is possible with aEEG or conventional EEG, thereby leading to the exclusion of false-positive results, and consequently fewer ASDs being prescribed [6] [7] [8] .
Since neonates often exhibit abnormal movements that are not associated with electrographic seizure activity, a reliance on clinical observation alone or in combination with a single, brief conventional EEG for seizure diagnosis (as in Period 1) can result in poor differentiation between seizures and nonseizure events [18] . As a result, neonates with abnormal movements that are not associated with ictal discharges may nevertheless be diagnosed with seizures and then unnecessarily treated with ASDs. The ability to correlate clinical seizures with continuously running aEEG that could be quickly reviewed or as abnormal electrical activity on cEEG in Periods 2 and 3 could have influenced the physicians to prescribe ASDs more cautiously.
In the adjusted model (adjusting for the initial EEG and MRI findings), there was a significant reduction in the risk of receiving ≥ 1 ASDs in Periods 2 (aEEG) and 3 (cEEG) compared with Period 1. Initial EEG and MRI results were used as indicators of HIE severity. Using data available in the NICN database, we categorized EEG and MRI results as normal or abnormal; this classifies both ictal and abnormal nonictal brain electrical activity in the same abnormal category. In addition, the designation of MRI results as "abnormal" covers a wide range of pathologies, from mild to severe, including such varied etiologies as ischemia or hemorrhage (rare). Comparing protocols using this indicator of disease severity during each period, our results showed that significantly fewer ASDs were used in Periods 2 and 3 compared with Period 1. In Period 1, with a single, brief conventional EEG, physicians were more reliant on clinical judgment as to the suspected etiology of an abnormal movement, possibly leading to more ASD usage. The use of ASDs declined significantly when continuous EEG monitoring techniques were employed in Periods 2 and 3.
The risk of receiving ≥ 2 ASDs was not significantly different when comparing Periods 2 and 3 with Period 1. The effect estimate became close to null and the 95% CI became narrower after adjusting for initial EEG and MRI results, but this was still not significant. Neonates who received ≥ 2 ASDs represented only 15% of the total sam- ple size. Such a small subgroup could be related to the nonsignificant increment and the broad 95% CI of the risk ratio of receiving ≥ 2 ASDs in Periods 2 and 3 compared with Period 1. Additionally, this population was more severely affected. The decision to treat with ≥ 2 ASDs was always determined by the pediatric neurology consulting team based on the clinical situation. Moreover, the insignificant increment and broad 95% CI of the risk ratio could be explained by a shift in clinical practice over the 9 years of the study, leading to an early switch from 1st-line (typically, phenobarbital) to 2nd-line ASDs.
Of note, the protocol and inclusion criteria for TH did not change over the study time period (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . The risk of prescribing ASDs was significantly less after the implementation of continuous monitoring techniques (aEEG and cEEG). One study examined the change in clinical practice 3 years before and 3 years after the introduction of aEEG in an NICU [16] . There was no significant change in the number of neonates diagnosed with seizures after the introduction of aEEG. Another study similarly concluded that there was no significant change in the number of ASDs prescribed for neonatal seizures after the introduction of aEEG in an NICU compared with the use of serial conventional EEGs [17] . Wietstock et al. [15] reported a significant reduction in the cumulative dose of phenobarbital and no change in the number of ASDs used in neonates with HIE-related seizures before and after the implementation of a neonatal neurocritical care service, which included TH treatment, cEEG monitoring, seizure management guidelines, and educating physicians and nurses. None of these studies was limited to neonates undergoing TH as in our study, but rather included either all neonates with suspected seizures who were admitted to an NICU [15] [16] [17] .
Some of the findings of the studies cited above would imply that the number of ASDs does not change as a function of the type of EEG monitoring but only when there is an overall programmatic change in the approach to the infant with seizures [16, 17] . These studies employed study designs different from ours, and we conclude that continuous EEG monitoring techniques are associated with a decrease in the number of ASDs prescribed.
It is quite likely that there was drift in our clinical practice because our study period covers the preinception, start-up and ongoing development of the Neuroscience Intensive Care Nursery at the JHH. One notable change during the period 2007-2015 was the increased collaboration between the neonatology and pediatric neurology treating teams. Late in Period 2, guidelines (not protocols) for suggested ASD use in neonatal seizures were developed. These guidelines did not address evidence needed for diagnosis of seizures, but were confined to suggestions as to which ASDs were to be considered as 1st-, 2nd-and 3rd-line treatments for seizures, and provided a suggested workup for the potential causes of seizures. Specifically, there was no requirement for electrographic evidence of seizures prior to treatment. The recommendations for the addition of a second agent for seizures also did not change significantly from common clinical practice, and this is borne out in the lack of difference in the use of ≥ 2 ASDs across the 3 time periods.
Reported incidences of neonatal seizures that are subclinical vary widely [19] ; it is estimated that electrographic seizures account for the majority (up to 90%) of neonatal seizures, especially during TH [20, 21] . Therefore, it might have been expected that the higher sensitivity and specificity of recent cEEG protocols and more frequent EEG monitoring would result in a higher number of diagnosed seizures and more ASDs being prescribed. We did find that cEEG captured a higher percentage of electrographic seizures among neonates treated for suspected neonatal seizures, but that this was associated with fewer ASDs prescribed. Our findings can be explained by several factors. First, the use of tests with higher specificity for seizures (first aEEG, then cEEG) would exclude more false-positive results. Second, in a small study population such as ours, the number of diagnosed subclinical seizures might be very limited due to the low sample size. With cEEG in place, providers were likely more confident in their ability to detect seizures and thus more judicious in their use of ASDs.
The increased length of stay of infants in Period 2 compared to Periods 1 and 3 is interesting but remained unexplained in our study. It is not likely that the switch to aEEG and then to cEEG as the monitoring modality of choice explains this finding, especially considering that a significant reduction in ASD use is evident in Period 2 compared with Period 1.
Our study is limited in that it was conducted at a single institution and the sample size is somewhat small (162 neonates) with a preponderance of infants in Period 2 (104 neonates, representing 64% of the total sample). Such a distribution, which primarily reflects the longer duration of Period 2, disproportionately weights Period 2 in the analysis. As more patients are treated with cEEG, additional benefits may emerge. In the adjusted model, we could not adjust for the severity of HIE other than with clinical parameters found at birth, due to lack of availability of this information in the dataset. However, we adjusted for initial EEG and MRI results as approximate surrogates of HIE severity. The development of an NICN program at the JHH during Periods 2 and 3, with protocolized guidelines for TH use, suggestions for ASD choice, a requisite pediatric neurology consultation, and neuroimaging and aEEG for each infant, likely introduced drift and thus played a role in the reduction of ASDs independently of the EEG monitoring modality. It was also necessary to analyze the total number of ASDs as categorical variables because the exact number was not documented in the dataset.
Conclusion
Our results emphasize that the type of EEG monitoring influences ASD-prescribing behavior for neonates undergoing TH. Optimal practice would address the goal of providing adequate seizure control while preventing unnecessary medications and their attendant side effects. In our study, fewer ASDs were prescribed for the infants who underwent aEEG and cEEG, highlighting the association between the type of EEG and the number of ASDs. We recommend that cEEG be used whenever possible, to treat seizures more specifically and to avoid overtreatment. Further studies are needed to determine any consequences of the implementation of a neonatal neurosciences program during this time that included changing prior EEG protocols to cEEG monitoring, on many variables including the length of NICU stay, the number of subspecialty consultations, the number and utility of the imaging studies obtained, and seizure and developmental outcomes. Further study is also needed to estimate the cost-effectiveness of cEEG on neonates undergoing TH.
